After feeding microbes with a defined 13 C substrate, unique isotopic patterns (isotopic fingerprints) can be formed in their metabolic products. Such labelling information not only can provide novel insights into functional pathways but also can determine absolute carbon fluxes through the metabolic network via metabolic modelling approaches. This technique has been used for finding pathways that may have been mis-annotated in the past, elucidating new enzyme functions, and investigating cell metabolisms in microbial communities. In this review paper, we summarize the applications of 13 C approaches to analyse novel cell metabolisms for the past 3 years. The isotopic fingerprints (defined as unique isotopomers useful for pathway identifications) have revealed the operations of the Entner-Doudoroff pathway, the reverse tricarboxylic acid cycle, new enzymes for biosynthesis of central metabolites, diverse respiration routes in phototrophic metabolism, co-metabolism of carbon nutrients and novel CO 2 fixation pathways. This review also discusses new isotopic methods to map carbon fluxes in global metabolisms, as well as potential factors influencing the metabolic flux quantification (e.g. metabolite channelling, the isotopic purity of 13 C substrates and the isotopic effect). Although 13 C labelling is not applicable to all biological systems (e.g. microbial communities), recent studies have shown that this method has a significant value in functional characterization of poorly understood micro-organisms, including species relevant for biotechnology and human health.
INTRODUCTION

13
C labelling is a powerful tool for elucidating in vivo enzyme activities in micro-organisms. After a particular 13 C-labelled substrate is fed to microbes, the label is transferred to the downstream metabolites through metabolic pathways. As a consequence, some metabolic products (i.e. the analysed compound) comprise mixtures of 13 C isotopomers with specific labelling patterns, which are termed isotopic fingerprints. Via unique isotopologue profiles, researchers can trace the paths of reactants to products in the metabolic network and thus reveal functional enzymes and metabolic pathways. 13 C labelling can not only accurately define the structure of a complete pathway but also quantify global enzymatic reactions (i.e. carbon flux) in the metabolic network by incorporating 13 C fingerprints into metabolic modelling ( 13 C metabolic flux analysis ( 13 C-MFA)) [1] [2] [3] . Owing to post-transcriptional/post-translational regulation mechanisms, genetic analysis sometimes cannot reflect the final metabolic outputs; however, the metabolic fluxes can provide experimental validation of the results obtained from genomics and transcriptomics studies. The 13 C technique is widely applied in poorly understood microbial species and has filled in gaps between genome sequencing and functional characterization. Meanwhile, the 13 C technique is being improved to speed up screening and exploitation of native metabolic features of nonmodel microbes for biotechnology applications. Figure 1 shows a protocol describing the 13 C technique for probing microbial metabolism, which includes two key procedures: measuring isotopic labelling patterns in metabolites and examining metabolic pathways [1, 4, 5] .
In the past 3 years, numerous papers have reported novel metabolic insights from 13 C fingerprints. Other papers have described different new methods to obtain metabolic labelling fingerprints and quantify the fluxome in the cell metabolism, such as the extraction of targeted metabolites in microbial communities, new isotopomer analysis approaches (gas chromatography-combustionisotope ratio mass spectrometry (GC-C-IRMS) and liquid chromatography-mass spectrometry (LC-MS)) and high-performance fluxomics algorithms/software. Because 13 C isotopic labelling is extensively used in cell metabolism analyses, it is difficult to provide a complete and balanced view in this short review paper. Therefore, we highlight only a small portion of recent studies (after 2009) on environmental micro-organisms.
PATHWAY ELUCIDATION VIA 13 C FINGERPRINTS
For many micro-organisms, genetic analysis tools (such as genome annotation and microarrays) cannot precisely reveal the topology of the functional metabolic network. 14 C labelling has historically played a key role in the discovery of functional metabolic pathways. Although 14 C methods are sensitive owing to the radioactivity, stable 13 C is instrumentally safer and easier for researchers to use high-performance nuclear magnetic resonance (NMR) or mass spectrometry to detect metabolic pathways [6] . 13 C-labelled metabolites (isotopic fingerprints) can be used for investigating carbon metabolism. For example, by examining whether the 13 C fingerprints in key metabolites are consistent with the predicted labelling patterns from the annotated pathway, we can verify annotated enzymatic reactions. In parallel to the 13 C technique, we can elucidate the functional pathway by conducting a BLAST search for potential genes that have been reported in other micro-organisms, perform transcription analysis of gene candidates, detect intermediate metabolites, and overexpress or knock out the target genes. Table 1 highlights several pathways that have been examined via 13 C fingerprints in diverse micro-organisms since 2009.
Central metabolic pathways for carbon
substrate catabolism 13 C fingerprints have provided new insights into the central pathways in poorly characterized micro-organisms (figure 2). First, the Entner-Doudoroff pathway (ED pathway) is an alternative pathway to glycolysis that catabolizes glucose to pyruvate (PYR) via two key enzymes-6-phosphogluconate (6PG) dehydratase and 2-keto-3-deoxyphosphogluconate aldolase. This pathway has been reported in several micro-organisms, including Pseudomonas, Agrobacterium, Rhodobacter, Zymomonas, Azotobacter and Sinorhizobium meliloti [22] [23] [24] . A recent report shows that Roseobacter denitrificans (an aerobic marine proteobacterium) exclusively uses the ED pathway for glucose photoheterotrophic metabolism, because the Embden-Meyerhof-Parnas pathway (glycolysis) is not active owing to the lack of the enzyme 6-phosphofructokinase [7] . On the other hand, in some hyperthermophilic archaeal species (such as Sulfolobus solfataricus), a non-phosphorylative ED pathway metabolizes glucose to PYR and glyceraldehyde. This non-phosphorylative ED pathway is also responsible for metabolizing C5 sugars (D-xylose and L-arabinose) to PYR and glycolaldehyde (the latter can be subsequently converted to glycolate and glyoxylate) [8] .
Second, the oxidative pentose phosphate pathway (PP pathway) (glucose-6-phosphate (G6P) ! ribose-5-phosphate, ribulose-5-phosphate, ribulose-1,5-bisphosphate, xylulose-5-phosphate (X5P) þ CO 2 þ 2NADPH) is an important resource for NADPH synthesis. Thermoanaerobacter sp. strain X514 (a thermophilic ethanol producer) has been studied via 13 C experiments with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose. On the basis of an isotopic analysis of PYR (reflected by alanine) labelling, the oxidative PP pathway for glucose metabolism shows low activity in strain X514. This result indicates that X514 may contain an alternative route for NADPH production [16] .
Third, phosphoenolpyruvate carboxykinase (PEPCK) redirects the carbon flux from the tricarboxylic acid (TCA) cycle metabolites to gluconeogenesis (oxaloacetate (OAA) þ GTP (or ATP) ! phosphoenolpyruvate (PEP) þ CO 2 þ GDP (or ADP)). This reaction offers microbes an alternative route (PEP-glyoxylate cycle: OAA ! PEP ! acetyl-coenzyme A (AcCoA) ! citrate (CIT) ! glyoxylate ! OAA) to oxidize intermediates in the TCA cycle to CO 2 [25] . This enzyme is also essential for Mycobacterium tuberculosis growth on fatty acids [11] .
Fourth, the TCA cycle in most microbes is often branched under oxygen-limited conditions. In M. tuberculosis, Watanabe et al. [10] have proved that the branched TCA cycle is active for succinate (SUC) accumulation under hypoxia. Their finding is based on the observation that SUC has a labelling pattern similar to that of aspartate (Asp) after feeding the cells with [1, 4- 13 C]Asp. As another example, a study of Plasmodium falciparum [26] determined the major carbon source contributing to TCA intermediates by culturing parasite-infected red blood cells in a N]glutamine). After separation of P. falciparum from red blood cells, an LC-MS analysis of its central metabolites showed that this parasite relies on glucose fermentation for energy, but its branched TCA cycle is disconnected from glycolysis (i.e. its TCA cycle metabolites are synthesized from glutamate/glutamine). Furthermore, heliobacteria (a phylum of anaerobic anoxygenic phototrophic bacteria) were considered to have an incomplete reverse TCA cycle owing to their lack of a conventional CIT synthase. Recently, Tang et al. [9] reported that the oxidative TCA route (OAA ! CIT ! a-ketoglutarate) is operative via a novel (Re)-CIT synthase in contrast to the conventional (Si)-CIT synthase. The stereo-specific enzyme reaction of (Re)-CIT synthase has been revealed by tracing 13 C transitions from OAA (reflected by Asp) to a-ketoglutarate (reflected by glutamate). The in vivo activity of (Re)-CIT synthase has also been found in other anaerobic bacteria via 13 C tracing along with the heterologous gene expression method. The (Re)-CIT synthases from Clostridium and Desulfovibrio are phylogenetically related to isopropylmalate synthase [27] [28] [29] . Meanwhile, a new (Re)-CIT synthase (previously annotated as homoCIT synthase) is reported to be responsible for the TCA pathway function in Dehalococcoides [30] .
CO 2 fixation pathways
The Calvin-Benson cycle is the common autotrophic CO 2 assimilation pathway in microalgae. Using labelled carbon substrates and unlabelled CO 2 , Feng et al. [20] have studied the mixotrophic metabolism in a hydrogenproducing cyanobacterium Cyanothece 51142. They [21] found that the CO 2 fixation rate is dependent on both the nitrogen source and the carbon substrate. Under favourable conditions, with glycerol and nitrate, Cyanothece 51142 can switch its mixotrophic metabolism to photoheterotrophic metabolism to promote biomass growth. Under such conditions, Cyanothece still uses the non-autotrophic CO 2 fixation pathway via PEP carboxylase. Furthermore, AcCoA-related carbon fixation pathways have been recently reported in different micro-organisms. These pathways include the reverse TCA cycle, the Wood-Ljungdahl pathway, dicarboxylate/4-hydroxybutyrate cycle, 3-hydroxypropionate/4-hydroxybutyrate cycle, the 3-hydroxypropionate bi-cycle and the ethylmalonyl-CoA pathway (EMCP). These alternative autotrophic pathways may lead to new insights into the global carbon cycle, the early evolution of metabolism and interpretations of geological records [31] . Feng et al. [13] have studied a green sulphur bacterium, Chlorobaculum tepidum, for acetate and PYR metabolism, in which they reported three routes for CO 2 fixation: the reverse TCA cycle, AcCoA þ CO 2 ! PYR and PEP þ CO 2 ! OAA. Moreover, Dehalococcoides ethenogenes 195 has been speculated to use the Wood-Ljungdahl pathway because its genome contains several key enzymes in this pathway. However, the isotopomer data disproved the complete function of this pathway when strain 195 was grown with H 2 , trichloroethylene (TCE) and acetate [14] . The EMCP has been proposed in the photosynthetic proteobacterium Rhodobacter sphaeroides [32] . This pathway starts from AcCoA, and forms intermediate metabolites, C-labelled methanol in combination with NMR so as to provide final demonstration of the methanol utilization pathway by measurement of proteinogenic glycine labelling. This study not only discovered the operation of the EMCP, but also identified a serine cycle to assimilate methanol and convert the EMCP product glyoxylate to central metabolites. In the serine cycle, glyoxylate produces glycine, and glycine assimilates methanol through a 5,10-methylene-THF (C1) unit (N 5 , N 10 -methylene-tetrahydrofolate) to form serine. Serine can be converted to 2-phosphoglycerate that enters C-MFA to profile the carbon fluxes through three metabolic cycles for acetate metabolism in M. extorquens (metabolic activities: the TCA cycle . the EMCP . the serine cycle).
The filamentous anoxygenic phototrophic bacterium Chloroflexus aurantiacus uses the 3-hydroxypropionate bi-cycle for CO 2 fixation [21] . Similar to the EMCP, the first cycle starts from AcCoA and forms malonyl-CoA by fixing one CO 2 . The malonyl-CoA is the precursor of 3-hydroxypropionate. Via multiple enzymatic steps, 3-hydroxypropionate is converted to propionyl-CoA, and subsequently to malyl-CoA by fixing another CO 2 . The malyl-CoA splits to glyoxylate and AcCoA as the end products from the first cycle of the 3-hydroxypropionate bi-cycle. The second cycle consumes the glyoxylate from the first cycle of the 3-hydroxypropionate bi-cycle. Glyoxylate and propionyl-CoA form b-methylmalyl-CoA, followed by three reactions to generate citramalyl-CoA; the citramalyl-CoA is then cleaved into AcCoA and PYR to form the second cycle.
Finally, two additional CO 2 fixation cycles (dicarboxylate/4-hydroxybutyrate cycle and 3-hydroxypropionate/ 4-hydroxybutyrate cycle) have been discovered via 13 C and 14 C isotopic labelling. Both cycles contain a key metabolic route (i.e. 4-hydroxybutyrate pathway: succinyl-CoA (SucCoA) ! 4-hydroxybutyrate ! acetoacetylCoA ! AcCoA). A recent review has a thorough discussion of the two CO 2 fixation cycles in various environmental micro-organisms, including enzyme steps, energy (cofactor) demand and thermodynamic equilibrium of each reaction [31] .
Unconventional biosynthesis pathways
13
C experiments are useful tools to check annotated biosynthesis pathways. A recent report confirms diverse amino acid synthesis routes in the pathogen Streptococcus pneumoniae, using labelled glucose and glycine [34] . It is the first 13 C study of this pathogen that revealed multiple carbon usage (i.e. identifying, that some amino acids were unlabelled and taken from the medium, whereas others were made de novo). In some non-model micro-organisms, 13 C experiments may find unconventional biosynthesis pathways. The citramalate pathway is an alternate pathway for isoleucine synthesis in some anaerobic bacteria (such as Geobacter species and Thermoanaerobacter species) and methanogenic Archaea [16, [35] [36] [37] . Recently, this threonine-independent pathway (using PYR and AcCoA as the precursors) has also been discovered in photosynthetic bacteria, including Rsb. denitrificans [7] , Hbt. modesticaldum [9] , Cba. tepidum [13] and Cyanothece 51142 [38] . The citramalate synthase can be used to engineer the carbon flux to 2-ketobutyrate (a precursor of butanol), and thus promote alcohol biosynthesis [39] . Moreover, glyoxylate can be an alternative precursor instead of glycerate 3-phosphate (G3P) for synthesis of glycine and serine. For example, Mycobacterium smegmatis may employ glycine dehydrogenase to convert glyoxylate to glycine and consume excess NADH under oxygen-limited growth conditions [40] . This amino acid synthesis route forms an initial step to remove glyoxylate from the EMCP in M. extorquens, generating serine and subsequently metabolites for glycolysis [18] . The 13 C technique has been applied to investigate the biosynthesis of the building blocks of products. Tao et al.
[41] applied 13 C-NMR to study Aspergillus glaucus (a filamentous fungus) for the biosynthesis of aspergiolide A (a novel anti-tumour compound). Through tracer experiments using singly or fully labelled 13 C-labelled sodium acetate in a nutrient-rich medium followed by 13 C-NMR spectroscopic investigation, they found that acetate is the only carbon source for the polyketide pathway for aspergiolide A synthesis, and 12 carbon atoms of the final product are derived from the carboxylic group of acetate. Another example is the investigation of the carbon sources for ergosterol biosynthesis in Trypanosoma brucei (a parasite that causes African trypanosomiasis) [42] . Via 13 C-labelled lanosterol, acetate, leucine and glucose labelling, this study analysed the incorporation of 13 C into sterols and investigated the operation of the sterol metabolic network in the parasite. The results demonstrate sets of coordinated pathways to yield distinct sterol profiles, including glucose metabolism in the glycosome, AcCoA synthesis and leucine catabolism in the mitochondria, the acetate mevalonate pathway and the isopentenyl pyrophosphate pathway (regulated in the cytosol), and ergosterol synthesis reactions.
Carbon nutrient utilization
13
C-labelled experiments are used extensively to study the co-utilization of carbon nutrients by micro-organisms. In such experiments, one of the carbon substrates is 13 C labelled, while other substrates are naturally labelled. By measuring the labelling enrichment in central metabolites, we can quantify the co-catabolism of carbon nutrients. For example, Feng et al. [20] have examined the uptake of 13 C-labelled glucose by Cyanothece 51142 under CO 2 photoautotrophic growth conditions. The results showed that Cyanothece 51142 cannot use glucose efficiently owing to the lack of a specific glucose transporter. Furthermore, by tracing 13 C enrichment of the TCA cycle metabolites using a bis(trimethylsilyl)trifluoroacetamide-based GC-MS method, Tang et al. [40] have reported that M. smegmatis upregulates Tween 80 utilization once it enters hypoxia. Meanwhile, 13 C-based metabolomics [12] revealed that M. tuberculosis catabolizes multiple carbon sources (glucose, acetate and glycerol) simultaneously to achieve optimal biomass growth. Finally, a 13 C experiment can optimize nutritional conditions for slow-growing micro-organisms. To differentiate selective utilization of exogenous amino acids by D. ethenogenes 195, 13 C-labelled acetate and non-labelled amino acids have been used in the culture medium [15] . After five subcultures in the rich medium with labelled acetate, strain 195 showed significant improvement of biomass growth and TCE degradation. The analysis of 13 C enrichment in proteinogenic amino acids from those subcultures implied that phenylalanine, isoleucine, leucine and methionine are most highly imported from the culture medium, while strain 195 cannot efficiently uptake other amino acids to promote biomass synthesis. The cultivation experiments showed that the four highly used amino acids can enhance biomass growth and dechlorination activities to levels similar to those observed in a rich medium.
METABOLIC FLUX PROFILING IN
NON-MODEL MICRO-ORGANISMS VIA 13 C FINGERPRINTS
13
C-MFA uses 13 C fingerprints to calculate intracellular metabolic fluxes. 13 C-MFA has been extensively applied to study model micro-organisms and their mutants, such as Escherichia coli, Bacillus subtilis and Saccharomyces cerevisiae. Here, 13 C-MFA has also been shown to be a powerful tool to answer unresolved metabolic questions in non-model microbial species, including cofactor generation/consumption, regulation of pathways under different growth conditions, and operation of complicated metabolic cycles.
The Calvin -Benson cycle is considered to be indispensable for photoheterotrophic metabolisms. McKinlay et al. [43] studied a photoheterotrophic bacterium (Rhodopseudomonas palustris). They found that cells oxidize 13 C-labelled acetate to CO 2 via the glyoxylate shunt and the partially functioning TCA cycle, and then fix 68 per cent of this CO 2 into biomass via the Calvin -Benson cycle. The Calvin -Benson cycle in R. palustris actually plays a major role in cofactor recycling, which can reoxidize nearly half of the reduced cofactors (NADH) generated during conversion of acetate to biomass. Meanwhile, in a nitrogenase active mutant, CO 2 fixation by the Calvin -Benson cycle is downregulated, because R. palustris channels NADH to produce H 2 . By further analysing R. palustris growth with different 13 C substrates (fumarate, SUC, acetate or butyrate), the same authors [44] determined the factors that influence the H 2 yield of R. palustris. Their 13 C-MFA results indicate that the CalvinBenson cycle and H 2 production are two key pathways to compete for the reducing equivalents generated during the oxidation of organic carbon sources. Thus, inhibition of the Calvin -Benson cycle will promote H 2 production. 13 C-MFA can be used to examine the mixotrophic metabolisms. For example, it is well known that the green sulphur bacteria use the reverse TCA cycle for CO 2 fixation, but not much was known about its electron-balancing function [45] . 13 C-MFA has been used in quantitative analysis of reducing equivalents in Cba. tepidum under mixotrophic growth conditions [13] . The fluxomics not only estimated the absolute CO 2 fixation by the reverse TCA cycle during assimilation of acetate or PYR, but also revealed the reducing equivalents harvested from phototrophic reactions.
Young et al. [17] applied dynamic isotopic labelling analysis to decipher the autotrophic metabolism of Synechocystis sp. PCC6803. They built an isotopically non-stationary MFA (INST-MFA) to quantify the carbon flux from CO 2 to the overall central metabolism. Their results indicated that a significant amount of the fixed carbon is lost via the oxidative PP pathway, which had been previously considered to be minimal in phototrophic metabolisms. Their INST-MFA also indicated that the glyoxylate shunt is absent, the measurable glyoxylate flux is redirected to the photorespiratory pathway and the malic enzyme flux (MAL ! PYR) is the rate-limiting step of biomass synthesis. A recent paper [46] reported two new enzymes that perform the function of the missing alpha-ketoglutarate dehydrogenase in cyanobacteria to close the TCA cycle. However, INST-MFA indicated no measurable flux from a-ketoglutarate to SUC. 13 C-MFA has wide applications in microbes important for bioremediation, disease control and bioenergy. Chavarría et al. [47] used 13 C-MFA to analyse the phosphoenolpyruvate phosphotransferase system (PTS) in Pseudomonas putida, a soil bacterium capable of degrading polycyclic aromatic hydrocarbons. By comparing glucose and fructose metabolisms in both wild-type and PTS mutant strains, they showed that a PTS mutant strain lacking PTS Ntr (N-related PTS that controls cellular functions unrelated to the transport of carbohydrates) displays significantly higher fluxes in the PYR shunt (MAL ! PYR), which indicates that PTS Ntr regulates P. putida sugar metabolism by mediating its TCA cycle. 13 C-MFA was also used to probe the metabolism of the pathogen Mycobacterium bovis. The results showed that carbon fluxes through a complete TCA cycle are minimal, while the PYR is metabolized via the glyoxylate shunt coupled with the anaplerotic reactions [48] . In the bioenergy field, 13 C-MFA has recently been applied to study oleaginous Chlorella protothecoides for oil production [49] . Under heterotrophic conditions, the isotopic fingerprints in proteinogenic amino acids were used to study the fluxes through glycolysis, the PP pathway and the TCA cycle. The results indicated that the PP pathway is upregulated, while global flux distribution remains relatively stable after the culture was switched from a nitrogen-sufficient condition to a nitrogen-limited condition.
RECENT ADVANCES IN 13 C TECHNIQUES
Paralleling the application of 13 C techniques to identify functional pathways and quantify metabolic fluxes, good progress has been recently made in improving 13 C techniques.
Dynamic flux analysis
Traditionally, [54] . A recent milestone INST-MFA paper on environmental microbes resolved photoautotrophic metabolism in cyanobacteria [17] . A steady-state culture using single carbon CO 2 as the sole carbon source cannot provide any constraints for solving the flux distribution [55] . To overcome this problem, this pioneering study investigated the photoautotrophic metabolism by examining the change of isotopomer distributions in fast-turnover metabolites immediately after step-switching the carbon source from 12 CO 2 to 13 CO 2 [17] . Such INST-MFA estimates both intracellular metabolic fluxes and metabolite pool sizes, on the basis of the measured isotope labelling dynamics of 16 metabolites. The tracking of free metabolites uses both LC-MS and GC-MS. As expected, INST-MFA requires solving nonlinear differential equations to track the labelling of metabolites as a function of time. To reduce the computational complexity of INST-MFA, the model employs an elementary metabolite unit (EMU) approach to simplify simulation of isotopomer distributions throughout the metabolic network [56] .
Exploratory studies have also been performed to analyse metabolic unsteady-state bioprocesses to obtain global enzyme kinetic parameters [57] . The Sauer group reported the use of dynamic amino acid labelling to obtain time-dependent fluxomics results from increasing glucose limitation in a B. subtilis culture overproducing riboflavin [58] . Because metabolic transition in the culture is slow, dynamic 13 C-MFA decomposes the culture process into numerous quasisteady states (time interval ¼ 30 60 min). Then steady-state 13 C-MFA can be used to resolve the fluxomics and estimate the cofactor balance at different quasi-steady time intervals (mini-13 C-MFA). Through snapshots of the metabolism at various time points, the dynamic metabolism of B. subtilis was revealed. Another milestone dynamic MFA paper reported a new approach to profile E. coli metabolism in a fedbatch process [59] . Via a rigorous statistical analysis, inflection time points can be determined so that the MFA model divides the time domain of the entire fed batch culture into several intervals where the fluxes have linear change in each interval. Then the algebraic solutions to time-dependent metabolite mass balance equations can be obtained to facilitate the calculation of dynamic fluxes in each time interval.
Microbial community studies
In microbial communities, species evolve cross-feeding interactions (one species obtains nutrients from another). Microbial communities play important roles in ecology, bioremediation, biofuel production and biomedical research [60] . However, these communities present great modelling challenges because flux models for communities have to simulate both the metabolism in individual species and the exchange of metabolites among species. In the past, an isotopebased microbial community study usually treated the community as a single metaorganism without considering the metabolic interactions between individual subspecies. For example, 13 C-MFA was applied for gut microflora to review the overall nutrient metabolism in intestinal bacteria [61] . By linking MFA with the other systems-biology technologies, researchers can have insights into the metabolic regulations involved in microbe -host mutualism and their relevance for health. Besides, communities are also characterized in terms of a subcompartment-based flux balance analysis [60, 62] , where the intracellular flux in subspecies and the metabolite interactions between species are predicted using objective functions (e.g. optimal biomass growth). Such an analysis (without using isotopic labelling) is not precise because true metabolisms in the communities are often suboptimal. Therefore, it isbeneficial to employ novel 13 C-MFA to facilitate understanding the links between the physiology of individual species and their community characteristics. However, traditional 13 C-MFA has not been readily applicable to mixed cultures because it is difficult to obtain 13 C-labelling patterns of metabolites from a given population within a mixed culture. The targeted species have to be separated using centrifugation or fluorescence-assisted cell sorting. Unfortunately, centrifugation separates only species with sufficient density differences, while fluorescence-assisted sorting takes too long to obtain enough cells for a reliable 13 C-labelling pattern analysis. To overcome this problem, the Sauer group [63] invented a proof-of-concept 13 C-MFA of a microbial community. In their approach, a reporter protein is used to assist the subpopulationspecific MFA of E. coli mutants in a mixed culture of E. coli strains. Specifically, a reporter protein that has been synthesized in only one species of the consortium can be separated via protein purification, and thus 13 C patterns of proteinogenic amino acids from the reporter protein can be used to resolve the fluxes in this single species. This method (i.e. labelling patterns of amino acids from purified proteins can be used to infer metabolic fluxes of targeted organisms in a mixed culture) may eventually extend 13 C-MFA to study more complex community systems [64] .
Investigation on host -pathogen systems
13
C-labelling approaches (such as MS-based amino acid analysis) have been used to examine the metabolic interactions between a microbial pathogen and its host [65] . The investigation of host-pathogen systems not only provides understanding of the key central pathways for survival of pathogens (as described in §2.1, [26] ), but also reveals host responses to pathogen infections. Combined with other experimental techniques, 13 C isotopic labelling gives important medical insights into the treatment of pathogens. For example, Listeria monocytogenes is a food-borne pathogen that can cause invasive infection in susceptible humans. For proliferation within hosts, this facultative intracellular pathogen uses specific metabolic pathways (e.g. an incomplete TCA cycle owing to a lack of 2-ketoglutarate dehydrogenase) for nutrient utilization during infection [66] . C-labelling study on extracellular L. monocytogenes cultures demonstrated that the ATP-dependent PYR carboxylase ( pycA) plays an important role in its central carbon metabolism. Later on, the virulence of the pycA defective mutant was shown to be highly attenuated in mouse infection experiments [67] . To decipher the metabolism of pathogens inside host cells during the infection phase, Götz et al. [68] supplied [U- 13 C]glucose to the enteroinvasive E. coli and Salmonella enterica replicating in epithelial colorectal adenocarcinoma cells. To separate the pathogens and infected host cells after 13 C-labelling cultivation, they lysed host cells to release bacteria first; then removed the host cell debris from bacteria by repeated centrifugations. Such a separation protocol minimized the contamination of the host cell protein fraction with bacterial proteins (less than 10%), and thus the proteinogenic amino acids from host cells or bacteria could be isolated for GC-MS measurements. By comparing the labelling patterns in bacterial amino acids from wildtype and mutant strains (e.g. devoid of sugar uptake systems), they revealed the carbon sources (e.g. glucose, glucose phosphate, glycerol, lactate, PYR, amino acids) used by pathogens as well as bacterial metabolic pathways (e.g. anaplerotic reactions and the ED pathway) during the infections. However, the pathogen infections seem not to affect the carbon metabolism of the used Caco-2 host cells, as judged by 13 C incorporation into host cell amino acids.
Metabolism profiling using integrated approaches
The 13 C technique is often applied with other approaches, including genome-scale reconstruction, enzyme assay, metabolite profiling, genetic manipulation (i.e. knockout of key enzymes) and transcription expression measurements. First, mis-annotations can be easily generated from genome sequences and propagated through databases. 13 C metabolism analysis is useful for the development and validation of new methods for accurate gene predictions. For example, 13 C-labelled leucine experiments have identified the leucine degradation pathway in B. subtilis, and facilitated the development of a new computational algorithm (an automatic policing method) to detect biochemical mis-annotations [69] . Second, unknown genes may be revealed by integrating the 13 C technique with genomic analyses. For example, Veit et al. [70] analysed co-metabolism of acetate and glucose in Corynebacterium glutamicum. Via 13 C labelling, genetic mutation, enzyme and microarray analysis, they not only profiled the fluxomics during co-utilization of acetate and glucose, but also discovered a redundant gene encoding CoA transferase that can activate acetate and propionate in the presence of glucose. Third, for genome-scale metabolic reconstruction, integration of metabolic models with 13 C-MFA can unravel the topology of cell metabolism. For example, recent work combined in silico metabolic network reconstruction with 13 C fluxomics and found that methanol assimilation pathways in M. extorquens operate as a unique process, which is tightly connected by several major metabolic cycles (serine cycle, EMCP, TCA cycle and anaplerotic processes) [71] . Moreover, 13 C-MFA can measure gene regulation by correlating fluxomics (functional output) with multiple-level genomics data (such as transcription and protein profiles). In a global investigation of B. subtilis, it has determined the influence of the ferric uptake regulator (Fur) on the TCA cycle fluxes [72] . The Sauer group has also examined metabolic adaptation across multiple levels of regulation in B. subtilis, including transcriptomics, proteomics, promoter activities, metabolomics, fluxomics and biomass growth. Such analyses reveal controlling genes responsible for metabolic adaptation and post-transcriptional regulatory mechanisms [73] .
4.5. New analytical and computational tools for 13 C-metabolic flux analysis
The scope and the resolution of C enrichment in the metabolites is low (well below 10%). The GC-C-IRMS isotopomer data allow 13 C-MFA to provide good flux resolution even when the tracer experiments are performed using very low 13 C concentration substrates in order to reduce the cost of 13 C substrates [75] . NMR is a powerful tool to probe 13 C in organic chemicals [76] . NMR has been extensively used for collecting isotopic data and has provided valuable metabolic insights into a broad range of biological systems [23] . Although recent studies on environmental microbes (after 2009) have relied more on MS techniques because of low cost/high sensitivity of metabolite measurement, NMR still plays an important role in metabolism studies. For example, by measuring time courses for 13 C enrichment in metabolites using NMR, a kinetic model quantified the fluxes through human gut bacterial metabolism [61] . In general, NMR identifies the positional labelling information in metabolites, while MS measures the total labelling enrichment in the metabolites. So combining NMR with MS techniques can provide complementary isotopic labelling information to reveal novel metabolic insights [18, 77] .
Computational tools for high-performance C-MFA toolbox, OpenFLUX, is a computationally efficient software package [79] . The software incorporates a high-performance EMU framework (a decomposition method identifying the minimum amount of information needed to simulate isotopic labelling) for calculation of isotopomer balances within a reaction network [56] . For a more detailed introduction to computational tools, a recent review paper summarized major computational models and Review. Mapping microbial metabolism J. K.-H. Tang et al. 2775 software [80] , covering areas of both metabolic reconstruction tools and 13 C flux analysis platforms. Finally, new mathematical algorithms are proposed to reformulate 13 C-MFA problems and simplify the flux calculation. Recently, a new set of variables (called 'fluxomers') has been invented by combining both fluxes and isotopomer abundances [81] . The fluxomers represent the rate of a metabolic reaction transferring labelling from substrate isotopomers to product isotopomers. Such variables provide efficient computation of metabolic fluxes and show robustness to measurement noise and initial conditions.
INFLUENTIAL FACTORS IN 13 C METABOLISM ANALYSIS
Several factors that may affect 13 C metabolism analysis have been reported recently. First, metabolite channelling resulting from the formation of multi-enzyme complexes is common in some eukaryotes [82] . In this process, metabolites in metabolic pathways are transferred from enzyme to enzyme without being released into the bulk phase of the cell. The channelling can change isotopomer fingerprints because it may prevent the randomization of orientation for symmetric metabolites [83] . For example, the orientations of the TCA cycle metabolites (SUC and MAL) can be conserved in S. cerevisiae in the pathway from [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]a-ketoglutarate to OAA [84] . Because of the channelling of SUC/ fumarate formation enzymes (SucCoA synthetase, SUC dehydrogenase and fumarase), the 13 C fractions in the second and third carbon in OAA resulting from [4- C) have been used to investigate metabolite channelling and compartmentation in cytosolic and mitochondrial metabolite pools [82, 85] . In plant cells, channelled fluxes can be detected in glycolysis and the TCA cycle. Therefore, it is suggested that 13 C-MFA of eukaryotes may require correction coefficients to account for the impact of channelling on the redistribution of 13 C in key metabolites [83] .
Moreover, metabolic channelling has also been discovered in bacterial species. For example, the channelling phenomenon in E. coli has been investigated by feeding cells with 14 C-labelled glucose and 14 C-labelled glycolytic intermediates [86] . By measuring the evolved 14 CO 2 production, the authors concluded that fructose 1,6-bisphosphate (FBP) was strongly channelled all the way to CO 2 , whereas fructose-6-phosphate (F6P) was not. Metabolic channelling may provide an alternative route for the labelling of pathway intermediates, leading to a change in the isotopic fingerprints ( figure 3) . Similarly, a 13 C INST-MFA of autotrophic metabolism finds metabolic channelling in Synechocystis 6803 [17] . Specifically, PEP showed higher 13 C enrichments than other metabolites right after the cells were fed with 13 CO 2 , while the Calvin-Benson cycle intermediates (e.g. F6P, glyceraldehyde-3-phosphate (GAP) and ribose-5-phosphate (R5P)) were significantly less labelled than their downstream products, such as ribulose-5-phosphate (Ru5P) and ribulose-1,5-bisphosphate (RuBP). To correct for this effect, the flux model has to include 'dilution parameters' for these Calvin-Benson cycle intermediates. In other words, 13 C INST-MFA becomes a new tool for investigating the occurrence and extent of enzymatic channelling in microbial species.
Isotopic fractionation is present if examined the effect of isotopic fractionation on flux analysis using 20 per cent fully labelled glucose and 80 per cent naturally labelled glucose. The measured d 13 C (based on several key amino acids) is around 240, which is just above the GC-MS measurement errors (instrumental bias may also contribute to d 13 C 220 or higher). The study also pointed out that commercial fully labelled glucose from the market often contains 3-4% of five-carbon labelled glucose, and such isotopic impurity in 13 C substrates causes a much greater impact on flux calculation than does isotopic fractionation. Therefore, isotopic fractionation, though evident, has a smaller effect on conventional 13 C-MFA than other experimental noise sources. If tracer experiments employ a very low labelling percentage of 13 C substrates (well below 10%) to save experimental cost, the isotope effect on 13 C-MFA is reported to be higher [75] . In such tracer experiments, 13 C enrichment data for metabolites (measured by sensitive GC-C-IRMS) can be corrected using a mathematical approach before using the isotopomer data for flux calculations.
CONCLUSIONS
Metabolism analysis through 13 C isotopic fingerprints is a powerful tool to map microbial ultimate phenotypic outcomes, both qualitatively and quantitatively. New methods of 13 C metabolism analysis are being developed and greatly facilitate the analytic resolution and scope, and provide complementary knowledge to results obtained from other 'omics' approaches. 13 C-based metabolism analyses have often been used to profile industrial microbial metabolisms in order to improve their product yields, but few successful cases for significant improvements of product yields through 13 C-MFA have been demonstrated so far. On the other hand, recent studies show the significant value of 13 C metabolism analyses of poorly characterized environmental micro-organisms as well as human pathogens. Many non-model microbes play important roles in the processes involved in ecology, disease, biofuels and bioremediation, and therefore the 13 C technique can be widely applied to speed up their screening and provide us with novel metabolic insights and benefits there from.
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